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Mass Spectrometric Investigation of the Thermal
Decomposition of Polymers'

By Leo A. Wall

The application of the masy spectrometer to the study of the thermal decorposition of
polymers §8 deserlbed, The relationships between the structure of polymers and yield of
monomers on decompopition are dlseuseed, A guantiaiive trestment relating the com.
positivus of certain coploymers pod the yields of monomers is given. Dais sre presented
ehowing the compoaition of the volatils hydroearbons produced by the thermal desompeositinn

of several vioyl and diene polymers.

I. Introduction

The use of pyrelysis as a tool for Investigating
the constitution of high polymers hasg been limited
by the difficulty invelved in the analysia of the de-
composition products. Omne of the best known ex-
amples of ita use is the study of natural rubber by
Midgley and Henne [1].2  These investigators sub-
jected 200 b of natural erepe rabber to distillation
in iron vessels in 16-lb batches at atmospheric
pressure and 700° C. Analysis of the products
disclosed 10 percent of isoprene and 20 percent of
dipentens, The theoretical aspects of certain
types of polymer pyrolysia have baen dizcussed by
Rice and Rice [2].

The recent development of the mass spee-
trometer as sn analytical ingtrument [3] for hydro-
carbon mivtyres opened new possibilities for the
utilization of pyrolysis as o means for the study of
complex molacular structures by the analysis of
their chgracteristic products of decomposition.
The technique used iu the present investigation
conzisted in pyrelyzing the polymers under con-
ditions rimilar to s single-stage molecular distilla-
tion. ‘This procedure was adopted to facilitate the
removal of primary products before secondary de-
composition became appreciable, The fact that a
very small sample, 0.001 g, is required increased
the utility of the method; it would perhaps be
advaniageous in the investigation of biological
materials,

1 Bupported 1o part by fonda from Reconstraction Finsoes Corp., Gffics
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II. Egzperimental Procedurs

The pyrolysis tube or single-stage molecular
still (fig. 1) resembles & test tube with a small
gide arm. The section of 3-mm tube sealed on the
top of the tube fits into a break-off device on the
apectrometer.

The samples were inserted either as small lumpe
or g eolutions. ‘The preferred method of inserting
the sampls was to pipette into the side arm 2
ml of a solution of the polymer in & volatile solvent
at o concentration of about 00005 g/ml. TUpon
evaporation of solvent, the tube was sealed to
& high vacuum system. After evacuation to &
pressure of 10~% mm of mercury, the still was
spalad off. The volume of each atill was 45 ml.
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. Pyrolysis was indueed. by heating- electrically
the side arm containing the polymer, and the body
of the tube was immersed in liguid air to condenae
the products of decomposition. The time of
heating was 20 minutes. A temperature of
£00° O was used becauvse it produced complete
decomposition of most polymers, whereas lower
termperatures did not.

After pyrolysis the tube was inserted in the mass
spectrometer, the end of the smali tubing was
broken, and the volatile products wers expanded

directly into the .nlet system (fiz. 2). The total
BREAK-CFF FOINT
EXPANSION
BOTTLES
LEAK DEVICE

TO IONIZATION EI'IAHIE-H}

Froume 2. Simplified dingram of wiors speciromeler inlel
iyriem,

volume of the inlei system and the sample tube ia
konown. Also, the partial presure of each compo-
nent can be determined by meaps of the known
pattern sensitivitiea. The sensitivity for & com-
peund is the height of & characteristic peak pro-
duced when 1-micron pressure of the pure sub-
stance is in the inlet ayatem. The gaz law iz then
uzed to eompute the weight of the component
produced, from which the percentage yield can
he computed.

III. Results of Tests

Takles 1 and 2 show the various volatile hydro-
carbons obtained in the pyrolysis experiments.
. As only products that have about 1 mm or mors
vopor pressure at room tomperature could enter
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the Censolidated mass spectrometer, these resulis
ate given in termy of mole percent of ‘“wolatiles”,
The computed values, particularly where a large
rmmber of components occurred, are necessarily
approximate. However, the uneertainty in the
last significant figure is prebably no more than
2013, .

Volatile products obloined in the pyrolysfa of
singl polymers -
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+The volatile products repressnt 84 percent of the polyisabutybens and 34
peqeatif of the Tulystyrstee.

*In podyetiwine, §b proved impessibla to compute an anslyals sines the
producls v S0 varked; howevar, the ethybane prodoced was oactatnly loaa
thaa 1 portenk,

The results vary considerably with the size of
eample vsad. With 0.01 g the yield of isoprena
from natursl ¢repe wae 18 percent, whereas with
0.001 g it was 2 percent. Apparently the 0.01g
sample produced in the initisl phase of the pyrol-
vsis enough permanent gas to decremsa the
eficiency of the molecular distillation, therehy
impeding the removal of the initial products.
Dimers, trimers, ete., would thus be further
eracked into monomers, More efficient molec-
ular dietillation would still further reduce the
yield of monomer and produce chiefly degraded
polymers within tha molecular weight range of
100 to 1,000, The lakter figure corvesponds ap-
proximately to the heaviest hydrocarbon species
that can he distilled. Abowe this molecular
weight, molecular cohesion is greater than the
cprbon-carbon single hond strength [4]. It can
thue be seen that although low pressore decreases
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gide reactions, monomer production i# ool neces-

sarily improved, sz dimers and larger molecules

are Tormed and not subsequently decomposed.
Table 1 shows the analysis of the wvolatile

Tapww 2. Volelile producle obigined in the pyrofyeiz of
diene polymera
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= The volatile prodmots repreeent 3, +, 4, 8, 7, a0d 2 percont, respaotlvely,
of the polymers listed.
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products formed in the pyrolysia of vinyl poly-
mers. The number and quantities of products
other than monomer indicate the extent of various
gide reactions.

Table 2 preseats the analysis of volatile products
from some diene polymers. The thres isoprene
polymers are similar, and the poorer yield of
monomer from the natural polymers may be due
to the presence of impurities. The presence of
cyclopentadiene in the products from the syn-
thetic polymer would be expacted, because it is
usttally present in commercial monomer; it was
unexpected, however, in the case of the natural
polymers.

Table 3 gives the monomer yields from the
various polymers. In the case of three vinyl
polymers, the yield 15 in the inverse order of their
heat stabilities (). The heat stabilities of the
diens polymers tnight therefore be axpected to be
in the inverse order of the monomer yields, with
the ezception of nsoprene, which breaks down
with the liberation of hydrogen chloride.

Tasre 3. Monoemer pields in pyrolysis of polymers
Fal Muono-
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IV, Discussion of Resulls
1, Polymars From Single Monomers

Thermal decomposition of polymers may he
considersd te gocur through three types of reae-
tions analogous to those leading to the formation
of the polymer. The initial renction is wvery
likely the randor bresking of soms of the weakest
bonds, which in hydrocarbons are the carbon-
carbon single honds, A single break would form
two radicals, which could easily disintegrate into
small molecules nnd # small terminal radical.
Other random breaks eould form diradicals that
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could decompose only inte small molecules, so
that the over-all result wouid be similar to that
when a single break is considered. Thus, the
second type of reaction would he the formation of
small melecules, sometimes chiefly monemer and
terminal radicals. TFinally, the small radicals
would either acquire a hydrogen from other
moleculez, thus forming other radicals, or term-
inate by combining with each other or dispropor-
tionating. For high molecular-weight polymers,
the quantity of producte formed In the last etep
would be imesignificant. However, if the large
radicals prefer to pick off hydrogen atome from
other moleculez theraby producing different radi-
cals that are also capable of removing hydrogen or
aplitting into molecules and still other radicals,
then there will be produced a variety of producta
cther than mooomer.

Whatever mechaniem of thermal decomposition
is considered, only products formed from the
fragments of the chain ende would depend on the
rmolecular weight and distribution. This effect
would ke appreciable only for rather low molecular
weight polymers. Bachman et al. [6] report
that the pyrolytic yield of styrene from low
molecular weight polystyrene decreases with de-
creacing molecular weipht of the polymer.

A simplified scheime for the thermal depolymeri-
zation of the vinyl polymers, except for the case
whera the C—7Y bond is waaker than the C—C
bond, may be postulated as follows:

1|{ H 1;1 IFI H H Iil !i[ (1)
R— —i—?— —R—.E—%z—i 'f +R— i
H H H
P g
B—{—C—C . ——CH~CHY + R—{.
] ,l, ] ¥
H H
HE H H

H
Ry rY g e
RHC—é—C—H+R—C—C—C—é—R
R ¥ Yo ¥
HHH
R_(ij_{!_’: |l_: ——(Hher molecules+ R, (2c)
LR
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H H H
R. +R--G'-(IJ--(I}—- F—R—-—r
II-I |
B—CH=CHY+ : CH;CHY—R+E+RH (3a)

2R - —RB—R

Hydrogen chloride is very easily stripped from
polyvinyl chloride, s¢ that the above reaction
scheme is not applieable in this and similar casses,
where the bonds to the substituted side groups
are weaker than the C—C bonds in the chain.

In a chaip with head-to-tail structura, all of the
OO bonds are identical, and even with wther
arrangements the bonds are certainly changed very
little. With a head-to-tail structure, it can be
seen by inspection that there ave two ways of split-
ting out monomers. It can also be seen that head-
to-hesd and tail-to-tail structure deerenses the num-
ber of ways and hence the probability of obtaining
monomer. Therefors, the conditions favoring
mongmer are large molecolar weight, head-to-tail
structure, and a monomer that is both heat stable
pod unreactive. The complexity of the experi-
mental results indicate that even under molecular
distillation conditions the evaporation of products
i# slow compared to the reactions such as those
postulated above. Moatof the products obtained,
however, can be formed ns & consequence of the
assumed echeme,

The relative rates of reaction 2a and 2b should
then determine the results of pyrolysis. Reaction
2t depends on the teactivity of the radicals formed
in the initial break. The sctivation engergies
for tho removal of a hydrogen by radicals should
in¢reasa in the following order:

CHi CH, H CHs

R-"é ‘::R—[l/' ﬂ:E— - R—q. R-{;
I & CHs -ﬁ:—o—cm

0

Kharasch [7] has found this order of reactivity for
the removal of chlorine atome from carbon tetra-
chloride. For the type of radicals on the right,
there ia no theoretical basis for readily predicting
the exact order of reactivity ; however, it is certain
that thoy are quite unreactive compared to RCH..
Also, the radical ROF; should have difficulty in
removing fluorine from nearby chains. Poly-
tetraflucroethyelens [8], then, presumably de-
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composes chiefly in accordance with reaction 2a.
In general, all polymers giving appreciable yields
of monomer on pyrolysis are capable of produecing
euch relatively unreactive radicals through an
initial seizsion of the chain, Since most of the
common polymers are formed from mono or asym-
metrically disubstituted moncmers, the initial
break produces two types of radicals, a reactive
one and an unresctive onme. The former rapidly
picks up a hydrogen. It is then logical to con-
clude that the unreactive type of radical is the
moet abundant species of radical in the decom-
posing polymer and produces the major portien of
monomar according fo reaction 2a.

Although radical reactivity seotms to be the
determining factor, it ia linked with steric effects,
since groups that stabilize the radical also cause
increased steric hindrance. The bonds in thee
chein are eonsequently weaker, and decomposition
will oceur at lower tetnperatures. Thus reaction
24 18 favored simultaneously by both steric and
radical factors. _

The teeults on polyischuatylens and polystyrene
are interesting in this light. The styrens radical
would ordinarily he assumed more unreactive than
the tertiary butyl radical; however, polyisobuty-
lene, in which there is known to be a large steric
effect [9], produces the largest yield of monomer.

It is known that carbon-carbon bond strengths
hecoine weaker as one proceeds from primary to
tertiary bonds [10]. This effect is probably
independent of steric hindrance but not of the
reactivity of the radicals formed by bond zcission,
Also, honds adjacent or alpha to double and triple
bonds are telatively stronger, whereas beta bonds
are weaker.

A scheme similar to that for the vinyl decompoai-
tion can be postulated for the dienes. However,
diene decomposition differs from that for the
vinyls primatily because all of the bends in the
chain are not identical. Hence aplitting will not
be at random. The bonds in the beta position to
the double bonds are presumed to be the weakest,
and bresking of thess bonds favors monomer
productiots, Thus the effect on monomer yield
of the weakness of thess bonds in the dienes
compensates for the dependence on the tnanner of
splitting. Secission of any other bonds would lead
to products other than monoiner, dimer, ete.,
whereas in vinyls it does not matter which boned
of the chain breaks first. In the diens case also,

Pyrolysis of Polymars

the radical reactivity effect appears to account for
the differences found amoeng such polymers.
Howaver, because of the douhble bonds in the chain,
the dienes can react in many mecs ways than the
vinyl polymers, and hence comparisons between
the two types of pelymers are not significant.

2, Copolymers

In all thermal decompositions there ara compet-
ing reactions that the structure of the polymer
either does or does not favor. This comes about
through the operation of two effects: (1) probahil-
ity, or the number of ways & certain result is
obtained, and (2) bond atrengths. The arrange-
ment of aubstituent groups decides the first, and
their nature dacidea the sacond. In copolymers,
the study of these effects leads to some interesting
conclusione,

For instance, in GE-3 we have essentially styrene
units isolated hetween butadiene units:

H HHH H H H H H

AT E Ty T
“G—G=C—'|f‘-‘ O— C—C=0—{—

i | f I |

H H o H H H -

In this arrangement siyrene can be obtained in
ooly one way instead of the two possible in poly-
gtyrene, Hence the probability of obtaining
styrene 15 halved. Theoretically, ona should
expect from GR-S, assuming that all styrene
units were isolated, only half of the percentage of
styrene yield possible on the basis of the poly-
styrene resulta. Thus, if by a given method the
yield of styrene is 33 percent by weight from poly-
styrene, GR-5, which ¢ontaing 23.5 percent by
weight of styrene,should yield 23.5 0,33 X 1/2=3.9
percent.  The experimental yield was 3 percent.

In the case of the copolymer of methyl meiha-
crylate with styrene, weo find that, considering a
head-to-tail structure and eomplete alternation,

HHH CH:IJ':I H H $H|
I
H H G H H C

[ ™. |~

0 OCH. 0 OCH,,

there are two wayz of obiaining monomers,
Hence, we would expect the same yields of mono-
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mer as from the simple polymers. This has been
found to be true by Bachman, et al. [6], who
repovered 66 percent of the styrene from such o
copolymer, whereas under the same conditions
polyetyrens yiclded 80 io 65 percent of its styrens,
In the case of a symmetrical disubstituted ethene
bolymerized with a monosubstituted or asym-
metrically disnbetituted sthene, we should again
have a copolymer that hes only one way of splitting
out monomer if the menomer unita considered are
isolated from one another.

Bechman also depolymerized the copolymer of
styrene and maleic anhydrde. His yield would
be expected to be 1/23<60, or 30 pareent, of styrena
recovered. Inatead, he obtained 11 percent;
however, the polymer loses carbon dioxide readily,
80 that side reactions may easily occur and thereby
reduce the yield of styrene.

The above results confirm the arsumed head-to-
tail arrangement for polystyrene and polymethyl-
methaerylate. The low experimental yields from
the copolymers imply an incressed susceptihility
to side remctions and cannot be attributed to
head-to-head and tail-to-tall arrangements in the
simple polytners.

Table 4 presents the comparative yields of
styrene from various copolymers compared to the
yield from polyatyrene. It can be seen that the
vield depends on the nature of the copolymer as
well as the conditions of pyrolysis. In order to
vse pyrolyeis a5 an analytical technique, one wonld

TaeLs 4. Comparizen of siyrene pelde from polymer and
copolymers
Folymar i‘ 'E“f
Pemt
P30t b v 0 a3
This work_ ..o uawaa- {GR—S_.._...___..__._..____.____..___. 1"
. Fohetyrane .| G0MGS
Bachman's wirk . .- . .. - |1 Polyatyrens-methy Inethporphate .. L3
il y gy rame- noaby bean by e - e, 11 b 12
__BbyTens Taoovered
= BLyreme rﬂd_—m " 10k
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need to know how the monomer unita, were dis-
tributed in the copolymer which can he obtained
from copolytaer theory; or if one khew the amounts
of different monomers in the polymer the yields
would indicate their arrangement.

Assuming that the effect of side reactions on the
yield of a given monomer remains constant in
going from simple polymer to copolymers, and
that the C—C bonds in the viny! chain and se-
quences are of equal strength for & given monomer,
then the pyrolysis yield of monomer from the
copolymer formed at low conversion can he cal-
culated if one knows the yield from the simple
polymer, the monomer regetivity ratios (#, and
ra) (11, 12], and the composition of the monomer
charge. The prebability of regenerating monomer
A, for exampls, styrene, from the simple polymer

" ean be considered unity. The probakility of ob-

taining monomer A {rom sequences BAF con-
sigting of eay butadiene-gtyrene-butadiene units
ia 12, from BAAEFR sequences 3/4, and from
BAAs. . ABis (2i—1)/21.

It has been shown [13] that the probability of a
given sequence containing i monomer units is

Pasta= P Pualil, {4}

where Pa, iz the probability of a radical ending in
monomer B repcting with monomer A in the
process of copolymerization. Probabilities Pap
and Py, are similarly defined. They can be cal-
culated from the following expreasions:

A
Paa = AT B (&}
Pt g )
__rad
PAA——T-‘A¢B? [:?}

where 4 and B are the concentrations of the mono-
mer in the mixture from which the polymer under
coneideration was formed.

The probubility of obtaining monomer A from
any copolymer ia simply the sum of the products
of the probahilities of the varicus sequences and
tha probabilities of obtaining the monomer from
the sequence. Hence

Py from copolymer=
TiEe2i1 g L o Eme2il,
:L_.‘_; 57 PM‘EE_"PBJLE‘;WPAA (&)
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The yield of A(¥,) from copolymer would then
he giver by

[ R -
Vi=NiPan 2 2t P ©

ar

Y,=N. [Pm +§§f In Pu:l . (0)

where N, iy the vield of 4 from ite simple polymer
vnder the same conditions used to decompose the
copolymer of 4 with B. By means of eq 5, &, and
7,the funetion can be written in tarms of monomer
concentrations, .4 and B, used in making the

copolymer,

A & fij
YA=NA A+?'EB [1 +2r_,‘_A ln TJA'[' B] {11}

These equations are valid, of course, only for
polymers formed at low degrees of converaions or
where the relative monomer concenteations are
cotstant during polymerization. Monomer A can
be any stable mono or maymmetrically disubsti-
tuted ethylene and B any diene or symmetrically
dizubatituted ethylena. Daviationa from the pre-
dicted resulta may be an indication of the extent
to which the initial assumptione are not true.
Figure 3 is a plot of aq 11 applied to atyrene-
hutadiene copolymer where &, is taken to be 33.
A 33-percent yield of styrene was obtained on the

depolymerization of polystrene by our technigue. -

Figure 4 is a theoretical plot of yield against
polymer composition. The straight line would
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apply if the copolymer were simply s mixture of
polyetyrene and polybutadiens, wherens the curved
line would apply for a pure copolymer formed at
low degrees of conversion.

The ahove-mentioned considerations, using mon-
omer yiold as a criterien for structural variations,
should, of course, be correlated with yield of other
products. Navertheless, monomer yield alone can
furnish information on the arrangement of the
units, the number and types of sequences in cer-
tain copolymers, or composition. As the masa
spectrometer in calibrated for more compounds,
thiz technique should become increagingly valuable
and perhaps become at least a supplementary
analytical tool for the study of polymers.

V. Conclusions

The thermal decomposition of polymers can
ke studied by the usc of the mass spectrometer to
identify the wolstile products. Small samples
(0001 g} are suflicient, and the experimental
procedure iz relatively simple. Qualitative esti-
mates can he made rapidly, but precize analyses
require copsiderable study of the masa spectro-
metric racords. The chief limitations are that
mnss spectrometric deta must he obtamed for a
large number of pure compounds, snd that the
studies are restricted to the volatile decomposi-
tion prodocis; that is, those havipng<a vapor
pressure at room temperature of 1 of mereury
Or more,

Important’ structural armangements in  the
polymer can he deduced from the nature of the
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pyrolysis products, but minor opes are frequently
obscured becanse of the meny secondary producta
formed. In general, it appears that monomers,
from which relatively unreactive radicals are
derived, have a higher degree of resonance stabil-
tzation and fortn polymers that decompose to a
large extent into monomer. Polymers formed
from such monomers appear more sueceptible to
thermal degradation. Polymers that have weakly
held side groups, as well as fluorine substituted
polytners, would form exceptions to  this
generalization,

Monomer vield alone can be used as a criterion
of structure for certazin copolymers and can be
estimated from o lknowladge of the relativa
reactivity of the mooomers, the conditions of
polymerization, and the resultz obtained with

gimyple polymers.
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